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Abstract Temperature and salinity data collected around grounded tabular icebergs in Bafﬁn Bay in
2011, 2012, and 2013 indicate wind-induced upwelling at certain locations around the icebergs. These data
suggest that along one side of the iceberg, wind forcing leads to Ekman transport away from the iceberg,
which causes upwelling of the cool saline water from below. The upwelling water mixes with the water
above the thermocline, causing the mixed layer to become cooler and more saline. Along the opposite side
of the iceberg, the surface Ekman transport moves towards the iceberg, which causes a sharpening of the
thermocline as warm fresh water is trapped near the surface. This results in higher mixed layer temperatures
and lower mixed layer salinities on this side of the iceberg. Based on these in situ measurements, we
hypothesize that the asymmetries in water properties around the iceberg, caused by the opposing effects
of upwelling and sharpening of the thermocline, lead to differential deterioration around the iceberg. Analy-
sis of satellite imagery around iceberg PII-B-1 reveals differential decay around the iceberg, in agreement
with this mechanism.
1. Introduction
Large icebergs, which calve off outlet glaciers in Antarctica and Greenland, transport fresh water from the
cryosphere into the global ocean. Driven by winds and currents, these massive pieces of ice drift away from
their calving origins, ending up in regions with warmer water where they melt, break up and eventually dis-
solve completely. The trajectories and life cycles of the icebergs determine the spatial and temporal distri-
bution of much of the fresh water ﬂux from the cryosphere into the ocean, which is a nonnegligible term in
the regional fresh water budget [Gladstone et al., 2001; Silva et al., 2006]. This has implications for various
processes in the climate system, such as sea-ice distribution and, in Antarctica, bottom water formation
[Dinniman et al., 2007; Jongma et al., 2009; Kusahara et al., 2011; Robinson and Williams, 2012]. Icebergs can
also affect the iron and nutrient levels locally, leading to the creation of biological hotspots [Kaufmann
et al., 2011; Vernet et al., 2011, 2012; Smith, 2011; Biddle et al., 2015] and increased sequestration of organic
carbon to the deep ocean [Smith et al., 2007; Shaw et al., 2011].
The recent decline in Arctic summer sea ice extent has led to an increased usage of the Arctic for commer-
cial shipping, as well as renewed efforts in hydrocarbon exploration in the region [Smith and Stephenson,
2013; Hossain and Rao, 2014]. The threat that icebergs still pose to ships and offshore structures continues
to fuel interest in iceberg trajectories and decay mechanisms [Halliday et al., 2012; Peterson et al., 2012; Turn-
bull et al., 2015]. Similiarly, recent efforts to couple numerical ocean models to land-ice models have led to
an increased interest in Arctic and Antarctic icebergs [Martin and Adcroft, 2010; Hunke and Comeau, 2011;
Coogle, 2013]. While some progress has been made towards including icebergs in comprehensive climate
models in recent years, hydrographic aspects of model simulations are difﬁcult to constrain because of the
scarcity of observational data. As a result, modeled iceberg distributions and trajectories are typically com-
pared with iceberg data collected from satellite altimetry [Bigg et al., 1997; Keghouche et al., 2009; Martin
and Adcroft, 2010; Hunke and Comeau, 2011]. In situ measurements of iceberg behavior are much rarer, due
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to the inherent difﬁculties of collecting such data. This lack of ﬁeld measurements has hindered our under-
standing of mechanical and thermodynamic processes that affect the iceberg life cycle.
This article is concerned with grounded icebergs and the processes that affect their decay, particularly in
warm surface waters. Such processes include direct melting, forced convection caused by ocean velocities
relative to the iceberg motion [Savage, 2001], wave-induced ﬂexural stresses [Wadhams et al., 1983], and
what has been referred to as the ‘‘footloose’’ mechanism [Wagner et al., 2014]. The latter is characterized by
increased erosion at the sides of the iceberg due to warm water above the thermocline that can lead to the
development of an ice foot below the thermocline, which exerts a strong hydrostatic buoyancy force on
the edge of the iceberg, and eventually causes the iceberg edge to break off [Scambos et al., 2005; Wagner
et al., 2014]
The grounding of an iceberg can also signiﬁcantly affect its decay process. The initial impact caused by an
iceberg hitting the sea ﬂoor as it runs aground can result in the iceberg breaking up and lead to an overall
expedited decay [Martin et al., 2010]. Once grounded, the iceberg will be subject to increased ﬂexural
stresses, induced by tidal forcing. Conversely, a grounded iceberg will also affect the ocean surrounding it,
which in turn can either inhibit or enhance degradation. Firstly, the meltwater from grounded or
ungrounded icebergs has the potential to either stabilize or destabilize the water column depending on the
local hydrography [Neshyba, 1977; Donaldson, 1978; Gladstone et al., 2001; Kubat et al., 2007]. Buoyant sub-
surface meltwater can rise up the side of the iceberg either as a thin boundary layer, spreading a cool fresh
water layer on the ocean surface [Helly et al., 2011], or as a density plume, entraining ambient water, and
resulting in density anomalies throughout the upper water column [Stephenson et al., 2011]. The sign of this
density anomaly depends on the ambient stratiﬁcation and the amount of entrainment [Jenkins, 1999].
Alternatively, a neutrally buoyant meltwater plume can spread horizontally at depth, causing steps in the
temperature and salinity proﬁles, which are maintained by the effects of double diffusion [Huppert and
Turner, 1980; Stephenson et al., 2011].
Grounded icebergs also affect the surrounding ocean by disrupting ﬂow, thereby changing the general cir-
culation patterns around the iceberg [Nøst and Østerhus, 1998; Grosfeld et al., 2001; Robinson et al., 2010]. In
this way, grounded icebergs can act in a similar fashion to islands that are temporarily placed in the ﬂow.
Much work has been done on the effect of ﬂow disruptions, wake vortices and upwelling/downwelling
caused by the presence of small islands [e.g., Takahashi et al., 1980; Wolanski et al., 1996; Dietrich et al., 1996;
White et al., 2008]. Insights gained through this work can be applied to the study of the circulation patterns
around temporarily grounded icebergs. Of particular relevance here is the wind-driven upwelling and
downwelling that is commonly observed along coastlines of continents and islands [Garvine, 1971; Takaha-
shi et al., 1980; De Szoeke and Richman, 1981; Bakun, 1990; K€ampf et al., 2004]. Coastal upwelling occurs
when wind-driven currents are directed offshore and are replenished by water from below. Such upwelling
is often associated with increased biological productivity, as nutrient-rich water is brought to the surface
[Hutchins and Bruland, 1998; Botsford et al., 2003, 2006]. Similarly, coastal downwelling occurs when wind-
driven onshore surface currents cause surface water to pile up against the coast and can then be forced
downwards. In the northern hemisphere the wind-driven surface current takes the form of a surface Ekman
transport that runs at 908 to the right of the prevailing wind direction [Ekman, 1905; Price et al., 1987]. A
northward wind along the east coast of a land mass, for example, will drive an eastward Ekman transport
away from the coast, and result in upwelling. Changes to the prevailing wind direction drive changes in the
upwelling signal after some adjustment time [Send et al., 1987].
In this study, temperature and salinity measurements are presented from the water columns surrounding
two grounded tabular Arctic icebergs, collected over three ﬁeld seasons. These data suggest that a
grounded iceberg can experience upwelling on one side and a sharpening of the density gradients at the
base of the thermocline on the opposite side. Among other things, this upwelling and thermocline gradient
sharpening affects the temperature of the thermocline around the iceberg, which has implications for the
eventual iceberg decay. The observed upwelling is driven by surface winds and is distinct from the previ-
ously observed upwelling along the sides of an iceberg driven by buoyant meltwater plumes [Neshyba,
1977; Helly et al., 2011; Stephenson et al., 2011].
The article is organized as follows: section 2 discusses details of the three ﬁeld experiments and the instru-
ments and methods used to collect and analyze these ocean data. Section 3 presents results from these
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three ﬁeld experiments and shows the presence of asymmetries in the observed upper ocean temperatures
and salinities around the icebergs. Section 4 contains a discussion of the observed results. Here we suggest
that these upper-ocean asymmetries are caused by the presence of upwelling regions and regions of
enhanced stratiﬁcation on opposing sides of the icebergs. We further suggest that the increased surface
water temperatures in the enhanced stratiﬁcation regions may lead to an increased rate of iceberg degrada-
tion on one side of the iceberg. Section 5 contains some concluding remarks.
Note that in the Arctic, large tabular icebergs are commonly referred to as ‘‘ice islands,’’ however in this arti-
cle we will use the term ‘‘icebergs’’ interchangeably.
2. Methods
2.1. Description of Field Work
Petermann Ice Island (PII) calved off Petermann Glacier in northwest Greenland on 8 August 2010. At the
time of calving, PII had a surface area of 253 km2 and was the largest Greenlandic calving event on record
[Falkner et al., 2011]. Within a month of calving, two large collision events caused PII to split into 4 parts, the
largest of which was PII-B. On 26 October 2010, three smaller fragments calved off of PII-B. These were
named PII-B-a, PII-B-b and PII-B-c. The collision and fracture events were observed using RADARSAT-2 satel-
lite imagery. After these fracture events, the remainder of PII-B continued to drift southwards along the
western edge of Bafﬁn Bay before becoming grounded on the continental shelf of Bafﬁn Island on 18 June
2011, at 69

380N, 65

520W, 130 km south east of Clyde River. Figure 1 shows the grounding position of PII-B,
as well as (a) the regional and (b) the local bathymetry around the iceberg.
PII-B was ﬁrst visited in October 2011. At this time, the iceberg had a surface area of 60 km2. Ocean CTD
data were collected around PII-B on 20 October 2011. Three CTD casts were collected on both the southern
side of the iceberg (200 m, 400 m, and 600 m from the iceberg edge) and the northern side of the iceberg
(200 m, 300 m, and 400 m from the iceberg edge). One cast was collected on both the western and eastern
sides of the iceberg, at approximately 300 m and 400 m from the iceberg edge, respectively. During this
expedition, wind data were collected in situ by a wind monitor positioned on the ship 15 m above the
water line, and later corrected for the ship motion.
On 13 November 2011, PII-B split into two parts. While the smaller part, PII-B-2, drifted southwards, the
larger part, PII-B-1, remained grounded at the same location. PII-B-1 was visited for a second time in July
2012 as part of a wider ﬁeld campaign performed in conjunction with the British Broadcasting Corporation
(BBC). Some results from this ﬁeld campaign are presented in the BBC television documentary Operation Ice-
berg, and also published by Wagner et al. [2014]. At the time of the campaign, PII-B-1 had a surface area of
42 km2.
During this second visit a more comprehensive CTD survey was performed around the iceberg, using an
ADM mini CTD probe. The CTD survey was organized in 5 groups which began< 1 km from the iceberg
edge and moved radially outwards to 10 km from the iceberg edge, sampling at approximately logarith-
mic spacing. These ﬁve groups are referred to as Group 1 to Group 5 throughout this study. The location,
time and ocean depth of each CTD cast are shown in Figures 1c–1e, respectively.
A Doppler current meter was used to make current measurements at three different depths (5, 50, and
100 m), using bottom tracking when in range. GPS location data were logged by the ship, as well as by
GPS sensors located on the iceberg between 30 July and 3 August 2012 to monitor the iceberg motion.
The iceberg side above the waterline was scanned with an Optec lidar, and the iceberg side beneath
the waterline was mapped using a Reson SeaBat 8125 455 kHz multibeam sonar (see Wagner et al.
[2014] for further details). The average thickness of the iceberg was 70 m. The positions of the iceberg
on 12, 24, and 28 July 2012 are shown in Figure 1b. These iceberg outlines were traced from images
recorded by the Moderate Resolution Imaging Spectroradiometer (MODIS) sensor on the NASA Terra
satellite.
One further CTD survey was performed on 10 August 2013 around PII-B-a, one of the aforementioned
smaller fragments that calved from PII-B. On 10 August 2013, PII-B-a had a surface area of 8.4 km2 (meas-
ured using RADARSAT-2 images), and was grounded at 71

200N, 71

020W (Figure 1a). Measurements were
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made around PII-B-a using a moving vessel proﬁler (MVP), with an AML Micro CTD sensor attached. The
MVP circled the iceberg, remaining 50–100 m from the iceberg edge, and performing 61 dives.
Information about the accuracy of instruments used in all three ﬁeld campaigns are reported in support-
ing information Table S1. CTD data were processed using the TEOS-10 Oceanographic Toolbox [McDou-
gall and Barker, 2011]. All conductivity measurements have been converted to absolute salinity (units of
g/kg), and all densities are sigma-0. The results below focus on the measurements made around iceberg
PII-B-1 in July 2012. Results from the 2011 and 2013 campaigns are presented in support of the main
ﬁndings.
Figure 1. (a) Regional bathymetry in Bafﬁn Bay taken from the ETOPO1 data set [Amante and Eakins, 2009]. The position of PII-B-1 and PII-
B-a are shown. (b) Local bathymetry around PII-B-1, taken from IBCAO V3 [Jakobsson et al., 2012]. Red and green curves show the position
of the GPS units which were deployed on PII-B-1. Outlines of the iceberg, traced from MODIS satellite images from 12, 24, and 28 July
2012, are shown with thin black lines. The thick black line is from the ﬁrst lidar survey of the iceberg on 25 July 2012; the iceberg rotated
during the survey, so the line is not closed. A circle is plotted around the point marked with a star, which is approximately the point where
the iceberg was grounded. (c) Positions, (d) times, and (e) depths of CTD casts collected around PII-B-1 during the July 2012 survey. MODIS
image traces of the iceberg from 24 and 28 July 2012 also are shown in Figure 1c.
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2.2. Integrated Fresh Water and Heat Content
In our analysis below, we make use of the integrated fresh water content and integrated heat content of a
given cast, deﬁned as
F5
ð0
h
S02SðzÞ½ dz; (1)
and
H5
ð0
h
TðzÞ2T0½ dz; (2)
respectively. Here T0521:71

C and S0533:63 g=kg, are the minimum temperature and maximum salinity
found across all casts in the July 2012 ocean survey. We use h5 – 80 m as the integration depth, chosen as
the depth at which all casts are at least 10 m above the sea ﬂoor. At the depth h5 – 80 m, the temperatures
and salinities were approximately equal across all casts. The qualitative conclusions drawn from the behav-
ior of F and H are not sensitive to the choice of h within the range285 m <h < 235 m. Note that the upper
limit is signiﬁcantly more shallow than the average thickness of the iceberg (70 m).
2.3. Diagnostic for Upwelling/Downwelling Wind Direction
We introduce the quantity Cðt;/Þ which indicates whether a particular wind direction is expected to cause
upwelling or downwelling offshore of the iceberg. Cðt;/Þ is deﬁned as
Cðt;/Þ5 1
Dt
ðt
t2Dt
uð/190 Þdt (3)
where
uð/Þ5u < cos/; sin/ > (4)
is the component of the wind in the direction /, u is the wind velocity vector, and / is deﬁned as the outward
direction from the center of mass of the iceberg measured in degrees counterclockwise from due east. Since
the Ekman transport in the northern hemisphere moves 908 clockwise of the wind direction, uð/190 Þ gives
a measure of the amount of offshore Ekman transport we expect in a direction /, for a given wind, u. Cðt;/Þ
is the time-average of uð/190 Þ over the period Dt524 h preceding time t, and therefore gives a measure of
whether on average the wind has been in a direction consistent with upwelling (positive C) or downwelling
(negative C) over the last 24 h.
3. Results
3.1. Rotation of PII-B-1 Around a Pivot Point
A time series of the location of the GPS deployed on PII-B-1 from 30 July to 3 August 2012 shows the ice-
berg moving back and forth across the arc shown in Figure 1b (the time series is not shown). Current data
collected during this time show that the current is dominated by a barotropic diurnal tide. The motion of
the on-ice GPS was almost perfectly in-phase with the tidal currents. Completing the circle from the arc of
the GPS record reveals the approximate location of the pivot point, marked with a star on Figure 1b. This
location corresponds to a topographic rise observed in the IBCAO V3 [Jakobsson et al., 2012] bathymetry
data set, and is positioned close to the shallowest bathymetry observed using the ship’s sonar (92 m).
MODIS images of the iceberg from 12 to 28 July 2012 are consistent with the iceberg rotating around the
indicated pivot point (Figure 1b). From this we infer that one end of the iceberg was grounded on a shallow
topographic rise, and the other end was rotating back and forth with the tides, creating the arc shown in
Figure 1b. Between 12 and 28 July 2012, the iceberg rotated counterclockwise around the pivot point by
180 , presumably driven by wind and mean surface currents.
3.2. Melting and Meltwater
An estimate of the melt rates on the surface, sides, and base of PII-B-1 was calculated using energy balance
arguments together with in situ ocean data, as well as atmospheric conditions taken from European Centre
for Medium-Range Weather Forecasts (ECMWF) daily ERA-Interim reanalysis ﬁelds [Dee et al., 2011]. Details
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of this calculation and a discussion of possible sources of error are given in the supporting information. A
time series of the volume of meltwater from the surface, sides, and base of PII-B-1 over a six month period
from March to August 2012 is presented in supporting information Figure S2.
The melt rate estimates suggest that a relatively small amount of melting takes place at the base of the ice-
berg. This implies that upward motion due to buoyant meltwater production beneath the iceberg is likely
to have a small effect on the surrounding ocean.
This result was partially conﬁrmed using a neutrally buoyant colored dye, released by human divers along
the sides of the iceberg at 18 m below the surface. The dye showed little evidence of upward motion, which
indicated the absence of an upward buoyancy current along the sides of the iceberg. Video footage of the
dye being released along the side of the iceberg is included in the supporting information.
The largest contribution to the melt rate was from the sides of the iceberg where warm surface waters and
wave energy cause the formation of a ‘‘wavecut’’ near the waterline, leading to the collapse of the over-
hanging ice. The erosion at the sides of the iceberg occurs almost exclusively above the thermocline since
(a) the surface water is warmer than water at depth, and (b) surface waves cause increased turbulent
exchange between the water and the iceberg. The erosion at the sides of the iceberg is greatly enhanced
during summer when the sea ice clears, as the absence of sea ice allows the surface waters to warm and
also allows increased wave motion [Bigg et al., 1997]. The large amount of near-sea-level erosion at the sides
of the iceberg suggests that the aforementioned footloose mechanism is likely a signiﬁcant contributor to
the decay of PII-B-1 [Wagner et al., 2014].
Melting on the surface of the iceberg is the second largest contributor to the total melt. Rivers of surface
runoff water were observed to ﬂow into the ocean through large channels that develop on the iceberg sur-
face (Figure 2a). The effect of this surface runoff on the surrounding ocean can be observed in the T-S dia-
gram of Cast 11 (Figure 2b), which was collected near to where a meltwater river entered the ocean. As the
runoff mixes into the ocean mixed layer, it causes the mixed layer to become stratiﬁed, as different propor-
tions of meltwater mix in at different depths. This mixing process creates a ‘‘runoff mixing line’’ on the T-S
diagram, which can be extended to the point ðT ; SÞ5ðTf ; 0Þ. Here Tf50C is the freezing point of
fresh water. This ‘‘runoff mixing line’’ is notably distinct from the Gade line, which can be extended to the
point ðT ; SÞ5  ð2L=cp; 0Þ [Gade, 1979], indicating that the meltwater was not created by subsurface melt-
ing. Here L is the latent heat of fusion of ice, and cp is the speciﬁc heat of water. Such ‘‘runoff mixing lines’’
were observed in just two of the 38 casts, suggesting that runoff mixes rapidly with the surrounding ocean.
The temperature and salinity proﬁles of more typical casts (Figure 3) are discussed in the next section.
Figure 2. (a) Photograph of iceberg PII-B-1 taken from above. A meltwater channel can be seen on the surface of the iceberg. (b) T-S diagram for Cast 11, collected nearby to where the
meltwater channel entered the ocean. The inset shows the temperature (red) and absolute salinity (blue) proﬁles of the cast. A ‘‘runoff mixing line’’ and Gade line are plotted on the T-S
diagram (see section 3.2 for details).
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3.3. Ocean Conditions Around PII-B-1
CTD proﬁles collected around PII-B-1 from 25 to 29 July 2012 show substantial variations in the mixed layer
temperatures and salinities at different locations around the iceberg. In general, surface water was observed
to be  28 warmer and  3 g/kg fresher on the southern and western side of the iceberg than on the east-
ern side. Most of the temperature and salinity differences occurred in the top 30 m of the water column,
while relatively little variation was observed further down. For example, the temperature and salinity pro-
ﬁles of Cast 13, collected on the northwestern side of the iceberg, and Cast 27, collected on the eastern
side, are shown in the insets of Figures 3a and 3b, respectively. Cast 13 has a surface temperature 6C and
salinity 27 g/kg, while the surface temperature and salinity of Cast 27 are 4C and 30 g/kg,
respectively.
The asymmetries around the iceberg can be clearly seen when the casts are divided into the ﬁve groups,
based on their orientation around the iceberg. Figures 4a–4e show temperature sections for the upper
30 m of the water column in Groups 1 to 5, respectively, with density contours overlain (the density is domi-
nated by the effect of salinity). Figure 4f shows an interpolation of the ocean temperature 5 m below the
surface. Figure 5 is analogous to Figure 4, giving the corresponding salinity proﬁles. Overall, the proﬁles
show a warm fresh water layer in the upper ocean with a sharp transition to the cooler salty waters below.
The upper ocean is warmest and freshest in Groups 1 and 2 (collected to the south and west of the iceberg,
respectively), while temperatures are lower and salinities are higher in Groups 4 and 5 (collected to the
northeast and southeast of the iceberg, respectively). The isopycnals at the base of the thermocline are
mostly ﬂat in Groups 1 and 2 (Figures 4a and 4b). In Groups 4 and 5, by contrast, these isopycnals are tilted
upwards towards the iceberg (Figures 4d and 4e), suggesting the presence of upwelling on this side of the
iceberg. Groups 1 and 2 have a sharp temperature and density transition at the base of the thermocline,
while the transition in Groups 4 and 5 is more gradual. Group 3 (collected on the northern side of the ice-
berg) is an intermediate case which shares some properties with Group 1 and 2, and some with Groups 4
and 5, as discussed below.
Similar asymmetries in the upper ocean salinity and temperature to those of the 2012 data are observed in
the data collected around PII-B in October 2011 and around PII-B-a in August 2013. Figures 6a, 6b, 7a, and
7b show the temperature and salinity sections around PII-B and PII-B-a, with density contours overlain. The
path of the ship and locations of the CTD proﬁles around PII-B and PII-B-a are shown in Figures 6c and 7c,
respectively. Figures 6a and 6b show the presence of warmer and fresher water to the west of PII-B, and
cooler, more saline water to the east. The deepening of the base of the thermocline on the western side of
the iceberg suggests the presence of downwelling in this region. Figures 7a and 7b show anomalously cool
and saline water on the western side of PII-B-a, compared to the warmer fresher water on the eastern side.
Figure 3. T-S diagram for (a) Cast 13 (Group 2) and (b) Cast 27 (Group 4), collected in July 2012 around PII-B-1. The colors of the plots indicate the pressure at which the measurements
were made. The T-S diagrams in both plots have been ﬁtted with straight lines which indicated the mixing lines (see section 4.1). The insets show the temperature (red) and absolute
salinity (blue) proﬁles of the casts.
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The shoaling of the base of the thermocline to the west of PII-B-a suggests the presence of upwelling in this
region.
4. Discussion
We propose the following mechanism to explain the observed asymmetries in temperature and salinity in
the upper ocean around the icebergs (see schematic in Figure 8): surface winds give rise to a surface Ekman
transport in the upper ocean. On one side of the iceberg, this Ekman transport moves surface water away
from the iceberg, causing upwelling which cools the upper ocean. On the opposing side of the iceberg, the
Ekman transport causes the surface water to pile up against the iceberg, causing enhanced stratiﬁcation
and warming of the upper ocean. The resultant asymmetries in upper ocean temperatures cause increased
iceberg decay on the warmer side of the iceberg through enhanced melting, as well as through the foot-
loose mechanism.
4.1. Vertical Mixing Around PII-B-1
Insight into the extent of vertical mixing around PII-B-1 can be gained by considering the mixing lines
in the T-S diagrams around the iceberg. Figure 3a (Cast 13 in Group 2) has two visible mixing lines, indicat-
ing that there is vertical mixing above and below the base of the thermocline, but little vertical mixing
between the water at depth and the water in the thermocline. The fact that the upper ocean temperatures
Figure 4. (a-e) The temperature sections around PII-B-1 collected in July 2012 in Group 1 to Group 5, respectively. The vertical axis shows depth below sea level, and the horizontal axis
shows distance from the iceberg on a logarithmic scale. Density contours over overlaid. The position of each cast is shown by the vertical grey lines. (f) An interpolation of the ocean tem-
peratures 5 m below the surface. The position of the casts in each group is shown by the colored symbols.
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and salinities do not lie on the ‘‘deep mixing line’’ implies that this water is affected by nonconservative sur-
face processes [Jenkins, 1999]. In Cast 13, the upper ocean is likely inﬂuenced by insolation and by mixing
with meltwater runoff, both of which reduce the density of the water in the thermocline. The two separate
mixing lines of Cast 13 are typical of the casts in Groups 1 and 2, and suggest that warmer fresher water is
trapped near the surface in these two groups. In contrast, Figure 3b (Cast 27 in Group 4) has just one mixing
line indicating that water from below the thermocline is able to mix conservatively with water at the sur-
face. This suggests that for Cast 27, any water affected by nonconservative surface processes must be con-
tinuously transported away by surface currents. Since the amount of insolation and meltwater runoff is
unlikely to depend on the orientation around the iceberg, this suggests that the surface water in Cast 27
has been advected away by surface currents, and replaced by upwelling water from below. The single mix-
ing line on the T-S diagram of Cast 27 is similar to all casts in Groups 4 and 5, suggesting that the colder,
more saline water found in the mixed layer in these two groups, has upwelled.
4.2. Evidence of an Overturning Circulation
Figure 9a shows how the integrated freshwater content, F (deﬁned in section 2.2), varies with distance from
the iceberg for each cast. The freshwater content is consistently larger in Groups 1 and 2 than in Groups 4
and 5. Since F is a vertically integrated quantity, this implies that the asymmetries observed around the ice-
berg are not formed by vertical mixing alone, but rather require some horizontal advection to supply or
remove fresh water from the water column. F decreases with distance to the iceberg in Group 2 and
remains broadly constant in Group 1. In Groups 4 and 5, by contrast, F increases with distance from the
iceberg.
Figure 5. As for Figure 4, but with absolute salinity instead of temperature.
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Similarly, Figure 9b shows that the integrated heat content of the water column, H, mostly increases with
distance from the iceberg in Groups 4 and 5, while the behavior is less clear in Groups 1 and 2. F and H are
positively correlated with one another with a correlation of r50.785 (Figure 9d). The fact that the coolest,
most saline water is found close to the iceberg in Groups 4 and 5, suggests that the upwelling is strongest
close to the iceberg, and decreases in strength with increasing radial distance. This suggests the presence
of an overturning cell on the eastern side of the iceberg: cool dense water is advected towards the iceberg
at depth, when it reaches the iceberg it upwells to the surface, and it is then transported away from the ice-
berg by surface currents. This causes the isopycnals in Group 4 and 5 to slant upwards (Figures 4d and 4e),
F and H to be smallest close to the iceberg (Figures 9), and the mixing lines on the corresponding T-S dia-
grams to extend to the surface (Figure 3a). Conversely, the results for Groups 1 and 2 suggest that warm
fresh water is advected towards the iceberg at the surface. Since the surface water is much less dense than
the water below the thermocline, it does not mix easily with the water below it. This causes the warm sur-
face water in Groups 1 and 2 to pile up against the iceberg, and results in the large values of F and H that
are found there. It further leads to large maximum density gradients, (dq/dz)max , at the base of the thermo-
cline, compared with consistently smaller values in Groups 4 and 5 (Figure 9c).
As mentioned before, Group 3 is an intermediate group that shares certain properties with Groups 1 and 2,
and other properties with Groups 4 and 5. The upper ocean in Group 3 is relatively warm and fresh, and is
similar to that of Groups 1 and 2. This results in large values for the integrated fresh water content, F, and
integrated heat content, H, in Group 3. However, the density gradients at the base of the thermocline in
Group 3 are not as sharp as in Groups 1 and 2, and some of the isopycnals slope upwards towards the ice-
berg, as in Groups 4 and 5. A possible explanation is that Group 3 is in a transitional state, changing from
enhanced stratiﬁcation (as in Groups 1 and 2) to ocean upwelling (as in Groups 4 and 5).
Figure 6. (a) Temperature and (b) absolute salinity sections around PII-B, collected in October 2011, with density contours overlain. (c) The position of CTD casts and the ship’s route
around the iceberg. The ship’s starting position is indicated by a star, and the direction of motion is indicated by an arrow. (d) Hovm€oller diagram of the quantity Cð/; tÞ. The position of
each cast is plotted on the Hovm€oller diagram. A blue dot has been used to indicate the locations and times of the downwelling cast in all four plots.
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Figure 7. As for Figure 6, but for measurements around iceberg PII-B-a in August 2013. Figure 7d is created using the ERA-Interim reanalysis wind data at 10 m above the surface, and
has a 3 h time resolution. The density contours in Figures 7a and 7b are in the range 23.9–26.2 kg/m3.
Figure 8. Schematic of the mechanism causing asymmetries in the mixed layer around grounded icebergs. Surface transport away from
the iceberg to the right of the wind direction (in the northern hemisphere) causes upwelling on this side of the iceberg. The upwelling
water causes the mixed layer to become cooler and more saline. On the opposite side of the iceberg (to the left of the wind direction in
the northern hemisphere), the wind drives a surface transport towards the iceberg. Warm fresh water piles up against the iceberg, which
causes a sharpening of the gradients at the base of the thermocline. This causes the mixed layer to be anomalously warm and fresh on
this side of the iceberg. The warm fresh water in the thermocline drives preferential deterioration on this side of the iceberg through sur-
face melting, and as a knock on effect through the footloose mechanism [Wagner et al., 2014].
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4.3. Wind-Driven Upwelling and Enhanced Stratification
Based on these ﬁndings, we propose that the observed asymmetries around PII-B-1 were caused by wind-
driven upwelling and wind-driven enhanced stratiﬁcation of the thermocline, occurring on opposite sides
of the iceberg. This observed upwelling is analogous to wind-driven coastal upwelling. The grounded ice-
berg acts in place of the land mass, and allows upwelling to occur when the offshore direction is to the right
of the prevailing wind direction. To the left of the wind, the surface water is driven towards the iceberg.
Since the surface water is much less dense than the water below, the surface water does not mix easily with
the water below it, and warm fresh water piles up against the iceberg causing a sharpening of the density
gradients at the base of the thermocline (see schematic in Figure 8).
To test whether the mechanism is consistent with the observed asymmetries, we consider ERA-Interim rean-
alysis wind data for the 2012 observation period, since no wind data were collected in situ. Figures 10b and
10c show the wind direction and wind speed, respectively, at the location of the iceberg from 25 to 30
July 2012. Figure 10a is a Hovm€oller diagram of the quantity Cðt;/Þ, deﬁned in section 2.3. Positive values
of Cðt;/Þ imply winds with upwelling in the offshore direction /, negative values of Cðt;/Þ imply winds
with downwelling or enhanced stratiﬁcation in the offshore direction /. The position and time of the CTD
casts are also shown in Figure 10a. Figure 10a shows that the CTD casts in Groups 1 and 2 were collected
after a period where the wind was consistent with downwelling (causing a sharpening of the thermocline),
and casts in Groups 4 and 5 were collected after a period where the wind was consistent with upwelling.
Group 3’s casts were collected after a short period of weak upwelling winds; however, we also observe that
the wind direction had changed from downwelling winds to upwelling winds approximately one day before
the casts were collected. These results therefore support the upwelling/enhanced stratiﬁcation mechanism
described above.
Figure 9. (a-c) How properties of the water column change with distance from PII-B-1 in July 2012 are shown: (a) vertically integrated freshwater content, (b) vertically integrated heat
content, (c) maximum vertical density gradient in the water column. (d) The relationship between freshwater content and heat content for the different casts.
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Figures 6d and 7d show Hovm€oller diagrams of Cðt;/Þ, for the wind around iceberg PII-B in October 2011,
and PII-B-a in August 2013, respectively. Figure 6d is computed from wind data collected in situ (see section
2.2), while Figure 7d again uses ERA-Interim reanalysis wind data. Figure 6d shows that the deepening of
the thermocline on the west of the iceberg (blue dot) occurs after a period of wind consistent with downw-
elling on that side of the iceberg. In Figure 7d, we observe that the shoaling of the base of the thermocline
to the west of PII-B-a (red dots in Figure 7) occurs after winds consistent with upwelling on that side of the
iceberg.
A number of other physical processes may contribute to variations in temperature and salinity ﬁelds, includ-
ing tidal effects, subsurface melt, buoyancy forces and the observed diurnal iceberg rotation. However,
none of these were found to have a notable impact on the water column (see supporting information for a
discussion of the listed processes).
4.4. Differential Iceberg Deterioration
In the previous sections, we argued that wind-induced upwelling and enhanced stratiﬁcation on opposing
sides of a grounded iceberg can result in large asymmetries in surface temperatures around the iceberg.
This suggests that the predominant wind patterns may indirectly play a central role in the degradation of
the iceberg. In particular, on the side of the iceberg where the stratiﬁcation at the base of the thermocline
is enhanced, warmer thermocline temperatures would lead to increased iceberg melt near sea level, and as
a knock-on effect, to expedited decay through the footloose mechanism.
To test this idea, we consider the degradation of PII-B-1 from 8 January 2012 through 1 August 2012. The
iceberg’s perimeter was digitized from four successive RADARSAT-2 Fine-Quad (8 m resolution) images,
acquired during this period. Since the iceberg was pivoting on its grounding point, the shapeﬁles were
manually corrected for rotation.
Figure 11a shows digitized outlines of the iceberg on 8 January (green), 28 February (pink), 14 June (blue),
and 1 August 2012 (white), stacked chronologically. In this ﬁgure, we see that most of the iceberg deteriora-
tion occurred on the ‘‘southern’’ side of the iceberg. To quantify this preferential deterioration more
Figure 10. (a) Hovm€oller diagram of the quantity Cð/; tÞ, where / is the angle of rotation counterclockwise from due east. The location/
time of each cast is plotted on the Hovm€oller diagram. The (b) wind direction and (c) wind speed are shown. The wind data are from the
ERA-Interim reanalysis product and have a 3 h time resolution.
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precisely, we divide the iceberg into
four quadrants, as shown in Figure 11b,
and calculate the areal difference
between the ﬁrst (8 January) and last (1
August) iceberg outline for each quad-
rant. PII-B-1 experienced 1.8 km2 of
deterioration over the 7.5 months of
RADARSAT-2 monitoring. The southwest
and southeast quadrants accounted for
the majority of PII-B-1’s decrease in sur-
face area with 0.47 km2 and 0.88 km2
lost over each, respectively. The com-
bined areal deterioration of the south-
ern quadrants represented 75 percent
of the iceberg’s total decrease in surface
area, while only 27 percent of the ice-
berg’s perimeter was located within
these two quadrants.
The wind direction from ERA-Interim
reanalysis surface data at the location
of PII-B-1, averaged over the entire
RADARSAT-2 monitoring period
(including the period when the ocean
was covered by sea ice) was in the
direction h5157

, where h is measured
counterclockwise from east. This wind
direction implies maximum downwel-
ling (or enhanced stratiﬁcation at the
base of the thermocline) in the direc-
tion /5247

counterclockwise from
east, which would result in warmest
surface waters in this direction. This is broadly consistent with a greater deterioration rate on the southern
side of the iceberg. The time-averaged wind direction at the location of PII-B-1 from July 4th (when the sea
ice began to clear) to the end of the RADARSAT-2 monitoring period, when most of the surface melting is
likely to occur, was in the direction h5210

. This wind direction, shown with an arrow marked V on Figure
11, implies maximum stratiﬁcation in the direction /5300

, in agreement with increased decay on the
southwest quadrant of the iceberg.
5. Conclusion
Hydrographic data collected around two grounded icebergs in Bafﬁn Bay during three ﬁeld campaigns
show asymmetries in the ocean temperature and salinity around the icebergs. Regions of warm, fresh sur-
face water are observed on one side of the iceberg, while the opposite side is cooler and saltier. An analysis
of the data indicates that these asymmetries are likely to be caused by wind-induced ocean upwelling and
wind-induced enhanced stratiﬁcation, occurring on opposite sides of the iceberg. Wind-induced upwelling
causes the mixed layer to be cooler and more saline on one side of the iceberg, while on the opposite side,
a sharpening of the density gradients at the base of the thermocline causes the mixed layer to be warmer
and fresher. Wind data, taken from ERA-Interim reanalysis and in situ measurements, are found to support
this mechanism.
It is hypothesized that these asymmetries in ocean temperature lead to preferential deterioration on one
side of the iceberg through enhanced melting, as well as through the iceberg footloose mechanism [Wag-
ner et al., 2014]. This suggests that wind direction and speed can signiﬁcantly inﬂuence the rate of degrada-
tion around a grounded iceberg. The theory was tested by monitoring the decay of PII-B-1 using satellite
Figure 11. (a) Areal deterioration of PII-B-1 during 2012 as determined through
digitization of RADARSAT-2 Fine-Quad imagery. The arrow labeled V show the
time-average wind direction during the sea-ice free part RADARSAT-2 monitoring
period. The red and blue arrows show the direction of the Ekman transport con-
sistent with the wind direction V. (b) Quadrants used for preferential deterioration
assessment. (c) The location of PII-B-1 marked by the red dot.
Journal of Geophysical Research: Oceans 10.1002/2015JC010805
STERN ET AL. UPWELLING AROUND GROUNDED ICEBERGS 5833
imagery and comparing the results with reanalysis wind data. The iceberg was observed to decay preferen-
tially on one side, with the location of enhanced decay and time-averaged wind direction being consistent
with the theory. This wind-induced upwelling and asymmetric iceberg decay, observed here around
grounded tabular icebergs, may also be relevant to free-drifting icebergs, although in that context the
effects may be more difﬁcult to isolate and observe.
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